Type 2 diabetes is characterized by muscle insulin resistance. Nondiabetic first-degree relatives of type 2 diabetic patients have also been reported to have insulin resistance. A polygenic basis for pathogenesis of type 2 diabetes has been proposed. A gene expression profile was evaluated in the skeletal muscle of patients with type 2 diabetes while not on treatment for 2 weeks and after 10 days of intensive insulin treatment. Comparison of gene expression pattern with age-, sex-, and BMI-matched people with no family history of diabetes was performed using a microarray technique (Hu6800 arrays; Affymetrix, Santa Clara, CA). Only those gene transcripts showing >1.9-fold changes and an average difference in fluorescence intensity of >1,000 in all subjects are reported. Insulin sensitivity (SI) was measured using an intravenous glucose tolerance test. Of 6,451 genes surveyed, transcriptional patterns of 85 genes showed alterations in the diabetic patients after withdrawal of treatment, when compared with patterns in the nondiabetic control subjects. Insulin treatment reduced the difference in patterns between diabetic and nondiabetic control subjects (improved) in all but 11 gene transcripts, which included genes involved in structural and contractile functions, growth and tissue development, stress response, and energy metabolism. These improved transcripts included genes involved in insulin signaling, transcription factors, and mitochondrial maintenance. However, insulin treatment altered the transcription of 29 additional genes involved in signal transduction; structural and contractile functions; growth and tissue development; and protein, fat, and energy metabolism. Type 2 diabetic patients had elevated circulating insulin during the insulin-treated phase, although their blood glucose levels (98.8 ؎ 6.4 vs. 90.0 ؎ 2.9 mg/dl for diabetic vs. control) were similar to those of the control subjects. In contrast, after withdrawal of treatment, the diabetic patients had reduced SI and elevated blood glucose (224.0 ؎ 26.2 mg/dl), although their insulin levels were similar to those of the nondiabetic control subjects. This study identified several candidate genes for muscle insulin resistance, complications associated with poor glycemic control, and effects of insulin treatment in people with type 2 diabetes. Diabetes
T ype 2 diabetes is a major cause of blindness, kidney failure, ischemic heart disease, loss of limb, stroke, and overall mortality. A total of ϳ140 million people worldwide are affected by this disease (1) . Its prevalence in different populations ranges from Ͼ50% among Pima Indians to 2% among Indian tribes in Chile (2) . In addition, a substantial increase in the prevalence of diabetes among a migrant population to a different environment has also been reported (2) , suggesting a potential interaction between genetic and environmental factors. Decreased insulininduced glucose disposal in skeletal muscle (insulin resistance) is a common pathophysiological trait implicated in the development of type 2 diabetes (3, 4) . Several lines of evidence clearly point to genetic factors as important determinants of insulin sensitivity (SI) (5) . It has also been reported that first-degree relatives of people with type 2 diabetes exhibit insulin resistance to glucose disposal without being diabetic, further supporting the hypothesis that insulin resistance has a genetic basis (6 -9) . A number of candidate genes for insulin resistance have been evaluated, including insulin receptor substrate-1 (10), glycogen synthetase (11), UCP-3 (12), GLUT4 (13) , hexokinase II (14) , phosphatidylinositol 3-kinase (15) , mitogen-activated protein kinase (15) , serine-threonine kinase (16) , Rad genes (17) , and calpain-10 (18, 19) . Although the expression of several of these genes are altered in type 2 diabetes, none has emerged as the leading candidate for causing type 2 diabetes. It is highly likely that type 2 diabetes results from interactions between many genetic factors and the environment. The identification of genes involved will hopefully allow modifications of lifestyle to prevent or delay the onset of diabetes.
Genomic analysis techniques offer powerful tools to decipher the pathophysiology of type 2 diabetes at the molecular level, thereby leading to a better fundamental understanding of muscle insulin resistance and providing new therapeutic targets for treatment of this common disease. It is now possible to examine the transcript profile of several thousand genes simultaneously using microarray technology (20) . In the current study, we measured the gene transcript alterations in patients with type 2 diabetes 2 weeks after withdrawing their treatment (D 2 Ϫ) and then again after 10 days of insulin treatment (D 2 ϩ). The diabetic subjects were compared with control subjects with no family history of diabetes. diabetic subjects. The protocol was approved by the institutional review board of the Mayo Foundation, and informed consent was obtained before participation in the study. The five diabetic subjects who were studied on two occasions included two men and three women. Two of the diabetic patients were on glipizide (glucotrol; Pfizer, New York) and metformin (glucophage; Bristol-Myers Squibb, Princeton, NJ), one was on glynase (glyburide; Pharmacia & Upjohn, Kalamazoo, MI), and the other two were not taking any medication.
Two separate randomized studies were performed on each type 2 diabetic subject: one after withdrawing treatment for 2 weeks (D 2 Ϫ), and one after intensive insulin treatment for 10 days (D 2 ϩ) (see Table 1 for glucose levels). There was an interval of 8 weeks between the two studies. All of the diabetic patients stopped taking their medications 2 weeks before the study. No treatment was given to patients for 2 weeks, during which time they were on poor glycemic control (D 2 Ϫ). In the study in which insulin treatment (D 2 ϩ) was given, regular human insulin (Eli Lilly, Indianapolis, IN) was administered four times per day for 10 days. The insulin dose was adjusted to achieve a blood glucose level ranging between 80 and 110 mg/dl before meals. On day 10, an intravenous glucose tolerance test (IVGTT) was performed as previously described (21) . After the IVGTT, the patients either continued on their insulin regimen (D 2 ϩ) or had no insulin (D 2 Ϫ). The evening of the same day, all volunteers were admitted to the General Clinical Research Center (GCRC) of the Mayo Clinic in Rochester, Minnesota, and were studied after an overnight fast. During the insulin treatment phase, the last subcutaneous injection of insulin was given at 6:00 P.M. before their dinner. Then, at 9:00 P.M. an intravenous insulin infusion was started and continued overnight to maintain blood glucose levels of 80 -100 mg/dl, according to the protocol described by White et al. (22) . During the D 2 Ϫ phase of the study, all subjects were given a constant intravenous normal saline (Baxter, Deerfield, IL) infusion at a rate of 1 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 during the night before the study. Muscle needle biopsies were performed at 7:00 A.M. under local anesthesia, as previously described (23) , and the samples were instantly frozen in liquid nitrogen and stored at Ϫ80°C for gene expression analysis. The control subjects were also admitted to the Clinical Research Center and were given a standard meal on the day before the study. Analysis of glucose and insulin. Plasma glucose was measured by the glucose oxidase method using a glucose analyzer (Beckman, Fullerton, CA). Plasma insulin was assayed using a double-antibody chemiluminescence method with an Access immunoassay system (Beckman Coulter, Chaska, MN). SI was estimated using a minimum model, as proposed by Bergman and Cobelli (21) . Analysis of gene transcripts. Total RNA was isolated from frozen tissue using TRIZOL reagent (Life Technologies, Gaithersburg, MD), which was further purified using an affinity resin column (RNeasy; Qiagen, Chatsworth, CA). Total RNA (10 g) isolated was converted to cDNA using the Superscript cDNA synthesis kit (Gibco-BRL, Gaithersburg, MD). Double-stranded cDNA was then purified by phase lock gel (Eppendorf, Westbury, NY) with phenol/ chloroform extraction.
The purified cDNA was used as a template for in vitro transcription reaction for the synthesis of biotinylated cRNA using RNA transcript labeling reagent (Affymetrix, Santa Clara, CA). These labeled cRNAs were then fragmented and hybridized onto Hu6800 arrays (Affymetrix), which contain probes for ϳ6,800 human genes that are 25 bases in length (24) . The labeled and fragmented cRNAs were hybridized onto the Hu6800 arrays as previously described (25) . Briefly, appropriate amounts of fragmented cRNA and control oligonucleotide B2 were added along with control cRNA (BioB, BioC, and BioD), herring sperm DNA, and BSA to the hybridization buffer. The hybridization mixture was heated at 99°C for 5 min, followed by incubation at 45°C for 5 min, before injecting the sample into the microarray. Then, the hybridization was carried out at 45°C for 16 h with mixing on a rotisserie at 60 rpm. After hybridization, the solutions were removed, arrays were washed and stained with streptavidin-phycoerythrin (Molecular Probes, Eugene, OR). After the washes, probe arrays were scanned using a microarray system confocal scanner (Hewlett-Packard).
The quality of the fragmented biotin-labeled cRNA in each experiment was evaluated before hybridizing onto the Hu6800 expression array, using both gel electrophoresis and hybridizing (fraction of the sample) onto a test-2 array as well as analyzing as a measure of quality control. The variability between two experiments when hybridizing about the same amount of fragmented, labeled cRNA from the same sample onto test-2 array was between 5 and 7%.
To validate the findings of gene transcript measurements by the microarray approach, we repeated the measurement of selected gene transcripts (myosin heavy-chain isoform-I [MHC-I], GLUT4, insulin-like growth factor binding protein-5 , manganese superoxide dismutase-2 [SOD2], and uncoupling protein-3 [UCP-3]) using a real-time PCR approach, as shown in Fig. 1 (26) . Data analysis. GeneChip 3.0 (Affymetrix, Santa Clara, CA) software was used to scan and quantitatively analyze the scanned image. Spotfire (Spotfire, Cambridge, MA) and Microsoft Excel software were also used for data analysis. For accessing the fold change (relative abundance) of mRNA expression in type 2 diabetic patients (D 2 Ϫ or D 2 ϩ), each patient's gene expression profile was compared individually with that of age-, sex-, and BMI-matched control subjects from side-by-side experiments on the same lot of microarrays (each type 2 diabetic patient was compared with an age-, sex-, and BMI-matched control subject on both D2Ϫ and D2ϩ phases). The fold changes represent the average of all five possible pairwise comparisons among individual subjects on the basis of their age, sex, and BMI. The selection criteria for all of the genes reported were as follows: 1) in absolute analysis, only those genes that gave an absolute call of "present;" 2) only those genes that showed a difference call of either "increased" or "decreased;" 3) an average difference of Ն1,000 in both control and diabetic patients (D2Ϫ and D2ϩ); and 4) only those genes that showed Ն1.9-fold changes in all five patients or five pairwise comparisons. To minimize the false-positive genes, only those transcript levels that altered and satisfied all of these four criteria were considered as significant and were reported in this article. One of the limitations of using this stringent approach is that we may not be able to pick up some of the low-abundance gene expression changes. Previous reports using similar microarray approaches used a 1.6-fold change as the criteria for determining a significant difference (27) (28) (29) . Data are means Ϯ SE. *P Ͻ 0.001; †P Ͻ 0.05 vs. other two groups. Five subjects were studied in each group (two men and three women).
Statistics. The differences of plasma glucose, insulin levels, and SI were compared using a nonpaired t test when diabetic (D 2 Ϫ or D 2 ϩ) and control groups were compared, and paired t test was used when two studies (D 2 Ϫ or D 2 ϩ) in the same diabetic patients were compared. In the microarray and real-time PCR data analysis, the log average difference values and mRNA levels, respectively, were compared using a t test between individual diabetic patients (D 2 Ϫ or D 2 ϩ), and corresponding age-, sex-, and BMI-matched control and the P values were shown along with the fold change (Tables 2-5 and Fig. 1 ).
RESULTS
Plasma glucose, insulin, and SI. Subjects with type 2 diabetes (D 2 Ϫ) off insulin treatment had substantially higher plasma glucose compared with when they were insulin treated (D 2 ϩ) and compared with control subjects (P Ͻ 0.001) ( Table 1 ). In contrast, plasma insulin levels were similar in the diabetic (D 2 Ϫ) and control subjects. Plasma glucose levels were similar in the people with diabetes during insulin treatment (D 2 ϩ) and in control subjects, although insulin levels were higher in the diabetic subjects after insulin treatment (D 2 ϩ) than during the period when they were poorly controlled and than in control subjects (P Ͻ 0.05). Based on IVGTTs, estimation of SI by minimum model (21) demonstrated lower SI in the diabetic subjects than in nondiabetic control subjects (P Ͻ 0.001).
Insulin treatment partially corrected this abnormality. Gene transcript levels D 2 ؊ patients versus control subjects. In type 2 diabetic patients (D 2 Ϫ), 85 gene transcripts were altered in comparison with control subjects. Of these, 19 (22%) showed an increase and 66 (78%) displayed a decrease in transcript levels. These genes were classified into different groups on the basis of their functions and are shown in Tables 2 and 3 . D 2 ؉ patients versus control subjects. A comparison between transcripts of the D 2 ϩ patients and control subjects showed that 40 gene transcripts were altered in the D 2 ϩ patients. Of these, 11 gene transcripts were the same as in D 2 Ϫ patients (Table 4) , with 3 remaining higher than the control group and 8 remaining lower. However, 29 gene transcripts were altered Ն1.9-fold on insulin treatment (Table 5) , which was normal in D 2 Ϫ subjects. Of these 29 transcripts, 16 were downregulated with insulin treatment, whereas 13 were upregulated. Using a real-time PCR approach, we have validated five gene transcript expression levels that were altered Ն1.9-fold in microarray analysis (Fig. 1) . For each of the five genes (MHC-I, GLUT4, IGFBP-5, SOD2, and UCP-3), mRNA levels showed trends similar to those of the microarray experiment. MHC-I, GLUT4, SOD2, and UCP-3 reduced their expression by about 80, 37, 24, and 17%, respectively, in type 2 diabetic (D 2 Ϫ) patients compared with the control subjects. The 10 days of insulin treatment improved mRNA levels of these genes, as determined by both microarray and real-time PCR analysis. In contrast, IGFBP-5 showed a 28% increase in its expression in type 2 diabetic (D 2 Ϫ) patients compared with the control subjects, and insulin treatment actually further enhanced the expression of IGFBP-5 (60%). This observation was parallel to that of microarray analysis.
DISCUSSION
The current study demonstrated that insulin not only upregulates but also downregulates transcripts of selected genes in human skeletal muscle. It is possible that some of these changes mediated by insulin are related to the changes in circulating substrates such as glucose, free fatty acids, and amino acids. The current results provide novel observations that may help to define the underlying molecular mechanisms of muscle insulin resistance, chronic complications of poor blood glucose control, and complications that may result from insulin treatment in people with type 2 diabetes. The transcripts of 85 genes were altered in poorly controlled type 2 diabetic subjects. Of these 85 gene transcripts, 74 genes (87%) had improved transcript levels after insulin treatment. These improved gene transcripts may represent the candidate genes responsible for some of the preventable chronic complications of type 2 diabetes. In contrast, insulin treatment did not alter 11 transcripts, which may represent the candidate genes for the pathogenesis of muscle insulin resistance in type 2 diabetes. However, insulin treatment resulted in alterations of 29 additional gene transcripts, which represent the effects of insulin treatment.
The results (Table 1) indicated that similar insulin levels in people with type 2 diabetes (D 2 Ϫ) and the control subjects were associated with vastly different fasting glucose levels. An approximate 2.5-fold increase in circulating insulin was necessary in the diabetic subjects (D 2 ϩ) to achieve a plasma glucose level comparable to control subjects. The lower insulin responsiveness to glucose (SI) was confirmed to be the cause of this insulin resistance to glucose metabolism in the diabetic subjects (7). The primary goal in the treatment of diabetic subjects is to achieve normal glucose levels, although a relatively high circulating insulin level is necessary to achieve this goal. There are increasing indications that high circulating insulin may itself cause complications (30 -33) . For example, insulin is shown to increase vascular smooth muscle cell proliferation (31), thus promoting atherosclerosis. Insulin treatment itself either up-or downregulated 29 genes in muscle. The altered 29 gene transcripts after insulin treatment (Table 5 ) represent the effects of the high circulating insulin levels. The transcripts altered by insulin treatment include genes for growth factors as well as structural and contractile proteins. Several genes involved in protein metabolism, signal transduction, tissue development, and fatty acid metabolism are also affected by insulin treatment. It is not clear from the current study whether similar changes may occur in other tissues such as vessels, kidney, and retina after insulin treatment.
The gene transcripts that were altered during poor glycemic control (85 genes), but improved (74 genes) during insulin treatment, are candidate genes responsible for many chronic complications that occur in people with type 2 diabetes. Of these 74 genes that were improved during the insulin treatment, 15 (20%) showed an increase and 59 (80%) displayed a decrease in transcript levels. Of the 59 genes with decreased expression in diabetic patients, 15% were involved in structural/contractile function of skeletal muscle (myosin heavy chain isoform-I, troponin-T, myosin light-chain, ␣-actin, etc.), 20% were involved in energy metabolism (UCP-3, ATP synthase subunits, cytochrome c oxidase subunit Va [COX Va], COX VIIa, etc.), 8% were mediators of protein metabolism (elongation factors-1, ubiquitin, etc.), and 7% were involved in glucose metabolism. Some of the genes involved in glucose metabolism, such as GLUT4 (13), glycogen synthase, and glycogen phosphorylase, were previously shown to be altered in type 2 diabetes on an individual basis (11) and were improved during insulin treatment. A decline in expression of DNA maintenance/repair (8%), insulin signaling (3%), and transcription factor (12%) genes were also shown in people with type 2 diabetes and were improved during insulin treatment.
In diabetic subjects (D 2 Ϫ), the expression level of SOD2 was decreased compared with healthy control subjects. The SOD2 gene encodes an intramitochondrial free-radical scavenging enzyme that is the first line of defense against superoxides produced by the mitochondria. Oxidative stress due to reactive oxygen species (ROS) have been implicated in a wide range of degenerative processes, including heart disease, Alzheimer's disease, and aging (34, 35) . It has been shown in mice that diminished expression of SOD2 resulted in hepatic lipid accumulation. SOD2 mutant mice exhibited inhibition of NADH-dehydrogenase, succinate dehydrogenase, inactivation of the tricaboxylic acid (TCA) cycle, and accumulation of oxidative DNA damage (36, 37) . We observed a parallel between our results and the data from these mouse studies in regard to reduced expression of NADH-dehydrogenase, succinate dehydrogenase, and some enzymes involved in the TCA cycle when SOD2 is downregulated. The decreased expression of telomeric DNA binding protein, primer recognition protein, metallothionein (MT), stimulated trans-acting factor-50, and SOD2 in D 2 Ϫ patients were improved with 10 days of insulin treatment. MT has been postulated to detoxify metals and play a role in copper, zinc, and cadmium homeostasis as well as protect against ROS. We found that MT expression was decreased in poorly controlled diabetic subjects but that it was then improved with blood glucose control using insulin. A previous animal model demonstrated that MT disruption leads to increased sensitivity toward toxic metal and oxidative stress (38) . The reduced expressions of these antioxidant defenses in diabetic patients (D 2 Ϫ) may partly account for many of the degenerative complications they experience. The current study revealed an overall downregulation of gene transcripts involved in the energy metabolism pathway in diabetic patients (D 2 Ϫ) ( Table 2 ) and were improved with insulin treatment. This included alterations in genes associated with mitochondrial function, such as UCP-3, a mitochondrial transmembrane carrier that uncouples oxidative ATP phosphorylation in skeletal muscle, and COX Va and VIIa subunits, which are part of complex IV in the electron transport chain and various subunits of ATP synthase (subunits 9 and ␤). All of these genes are implicated in mitochondrial bioenergetics. Additionally, a decrease was observed in the expression levels of several other key enzymes involved in energy metabolism, such as NADH-ubiquinone oxidoreductase (NADHFS1), succinate dehydrogenase subunit B, ubiquinol cytochrome c reductase (UQCRFS1) (part of complex I, II, and III in the respiratory chain of mitochondria, respectively), and isocitrate dehydrogenase (TCA cycle). The expression of two gene transcripts (mitochondrial enoyl-CoA hydratase and 2-oxoglutarate dehydrogenase) were increased in poorly controlled diabetic patients. All of these abnormalities were improved by insulin treatment and normalization of blood glucose, except for NADH dehydrogenase-ubiquinone.
A total of 15 genes displayed an increase in expression related to type 2 diabetes (D 2 Ϫ) ( Tables 2 and 3 ) and were improved with insulin treatment. These included potassium channel protein (ion channel), metallopanstimulin 1, elongation factor TU (protein metabolism), and apolipoprotein D (lipid transport). There was an increase in the gene expression patterns of several other genes involved in glucose metabolism (neuroleukin), signal transduction (T-cell-specific tyrosine kinase), Ras associated with diabetes (RAD), protein metabolism (cyclin-selective ubiquitin carrier protein), immune system (butyrophilin-4), and heme biosynthesis (uroporphyrinogen decarboxylase), and their expression levels were improved with insulin treatment. RAD belongs to the Ras superfamily of GTPbinding proteins and has been implicated as a regulator of glucose uptake in a variety of cultured cell lines (39) . It has been shown to be increased in the skeletal muscle of type 2 diabetic patients (17) , which is consistent with our observation in this study.
After 10 days of intensive insulin treatment and normalization of blood glucose, 11 of the 85 altered gene transcripts noted in type 2 diabetes (D 2 Ϫ) remained altered. These 11 genes, which may represent candidate genes for the pathogenesis of muscle insulin resistance in type 2 diabetes, included 6 gene transcripts involved in structural/contractile functions, 1 each in stress response, growth factor, and energy metabolism pathways and 2 gene tran- scripts that were mediators of tissue development (Table  4) . In contrast, the transcripts of 29 additional genes became altered after insulin treatment (Table 5) . These changes presumably were related to the increased circulating insulin levels (Table 1) required to achieve normal glucose levels in people with type 2 diabetes with insulin resistance to glucose metabolism (40) . There were six genes (calmodulin type I, troponin-I [fast and slow twitch], troponin-C [fast twitch], tropomyosin, and skeletal muscle C-protein) involved in structural and contractile functions whose transcripts remained altered in the diabetic subjects, irrespective of their metabolic function, even after 10 days of insulin treatment. Muscle contraction results from the force generated between the thin-filament proteins (actin, tropomyosin, and troponin complex) and the thick-filament protein (myosin). Troponin is a complex of three subunits (troponin-I [TnI], troponin-C [TnC], and troponin-T [TnT]) and play a key role in excitation-contraction coupling in muscle and are coordinately activated during skeletal muscle development (41) . The contraction of skeletal muscle begins with the phosphorylation of the light chain of myosin, a reaction catalyzed by myosin light-chain kinase. This kinase is activated by the binding of calmodulin, a ubiquitous Ca 2ϩ binding protein (42) . Calmodulin is known to act as an important mediator of intracellular Ca 2ϩ signaling and is involved in the regulation of a vast number of fundamental cellular processes, including cell division, motility, and signal transduction (43) . The gene transcript level of calmodulin, along with that of caldesmon 1, was increased in diabetic subjects. Abnormalities of these muscle contractile functions could potentially be responsible for defective insulin-mediated glucose disposal and may contribute to many chronic complications associated with diabetes (3, 44, 45) . Of note, MHC-I transcript levels were low during poor glucose control but were improved by insulin treatment. It has been reported that in people with type 2 diabetes, the relative composition of type I fibers are reduced (46) . Type I fibers have dominant expression of MHC-I. The current investigation suggests that this decreased MHC-I mRNA is related to poor diabetic control and may be reversed by insulin treatment.
The broad nature of insulin resistance to glucose metabolism in the skeletal muscle of type 2 diabetic patients suggests that there may be a primary defect in insulin signaling pathways. Several genes involved in insulin signaling and glucose metabolism pathways also showed altered expression. For example, IRS-1 and serine/threonine kinase were decreased 2.8-and 5.6-fold, respectively, in type 2 diabetic subjects (D 2 Ϫ). GLUT4 and glycogen synthase expression were also decreased. The changes of many gene transcripts involved in the cascade of insulin intracellular signaling observed in the current study are consistent with several previous reports (5, 16, (47) (48) (49) (50) . Insulin treatment improved all of these abnormalities. In contrast, increased gene expression of IGFBP-5 persisted even after the insulin treatment. This increased IGFBP-5 may decrease free IGF-I availability at the tissue level. IGF-I has been shown to increase SI (51) , and it is possible that reduced availability of free IGF-I at the tissue level may reduce SI.
We confirmed the results from microarray experiments by determining a similar trend for MHC-I, GLUT4, IG-FBP-5, SOD2, and UCP-3 using a real-time PCR technique (Fig. 1) , which is a more standard technique to measure mRNA abundance in small tissue samples. Even though all of the five transcript levels measured using the real-time PCR showed the same directional changes as the microarray data, the magnitude of these changes were not wellmatched between the techniques. These variations could be attributed to the differences in the techniques and the variations in the sequence of oligonucleotide probes used in the two approaches.
In summary, the current study demonstrated that 85 gene transcripts involved in a variety of functions were altered in skeletal muscle of people with type 2 diabetes when their glycemic control was poor (D 2 Ϫ). All but 11 of the gene transcripts improved after insulin treatment. These gene transcripts remaining altered are potential candidates for the pathogenesis of muscle insulin resistance in type 2 diabetes. Insulin treatment achieved desirable glucose levels, but altered an additional 29 gene transcripts. These alterations in gene transcripts may represent the response to increased circulating insulin levels necessary to maintain normal glucose levels in these patients. The current study demonstrated for the first time several candidate genes involved in the pathogenesis of muscle insulin resistance and complications associated with poor glycemic control and hyperinsulinemia related to treatment in people with type 2 diabetes. In doing so, it provides an opportunity for more focused investigations that may identify the genes responsible for the pathogenesis and complications related to type 2 diabetes and insulin treatment.
